The luni-solar tidal perturbations in the inclination of the GEOS-I and GEOS-II satellite orbits have been analyzed for the solid Earth and ocean tide contributions. Precision reduced camera and TRANET Doppler observations spanning periods of over 000 days for each satellite were used to derive mean orbital elements.
earth's gravity field, solar radiation pressure, and atmospheric drag were modelled, and the resulting inclination residuals were analyzed for tidal effects. The amplitudes of the observed total tidal effects were about 1.2 are seconds (36 meters) in the inclination of GEOS-I and 4.5 are seconds (135 meters) for GEOS-II. The solid Earth tides were then modelled using the value for the 'C2 Love number of 0.30 available from Earth tide measurements, Earth rotation observations, and seismic data. The resulting inclination III residuals were then analyzed for K" S 21 and Pt ocean tide parameters. Since these ocean tidal constituents produce satellite orbital perturbations with distinctly different periods (ranging from 55 to 630 days), good separation of the constituent effects was possible.
After the solution for these parameters, the inclination rms residuals were on the order of 0.1 are seconds (about 3 meters). The satellite derived results for the K i and S2 ocean tide parameters are in good agreement with each other and with those deduced from existing surface data models; surface data models for the P t tide were not available for comparison. The derived parameters consist of one second degree coefficient and an accompanying phase angle in a spherical harmonic expansion of the ocean tide potential for each tidal constituent --the results are as follows: ocean, and (to a somewhat lesser extent) the atmospheric tides. however, since the same frequencies are present in the effects caused by these several contributions, any attempt to simultaneously recover parameters for them from satellite data is rather prohibitive.
Previous work involving analyses of tidal effects on satellite orbits has focussed on estimating values for the solid Earth tide Love number k 2 and the associated phase lag. Early efforts were undertaken by Kozai (1905 , 1908 ) and Newton (1905 , 1908 ). More precise work has been done recently by Anderle (1971) , Douglas et al. (1974) , and Smith et al. (1973) . however, the results from these investigations were satellite dependent and indicated a variance in kZ from a low of about 0.22 to a high of about 0. 31, which is contradictory to strong evidence pointing towards a value for kz of about 0.30. Attempts to 1 explain these discrepancies by the possible latitude dependence of the Love numbers (e.g., Kaula (1969)) have been disputed by Lambeek (1979) . The most feasible explanation for these anomalous results I s the neglect of the ocean tidal effects, which Kaula (1962) first indicated could be perceptible. Newton (1968) erroneously thought that these effects would almost cancel out when averaged over the whole Earth. More recently, Lambeck et al. (1979) have shown that neglect of the ocean tides could introduce errors as large as 15 %
In determinations of Ice and sev, eal degrees in the associated phase angle from analysis of satellite orbit data. Furthermore, as will be shown, in some instances even the atmospheric tidal perturbations cannot be neglected in determining solid Earth and ocean tidal parameters.
In this paper, an attempt has been made to screen the solid Earth tide (and atmospheric tide) effects from satellite orbital data and analyze the resulting data for ocean tidal parameters. The rationale for this approach is based on the assumption that at least the value for the second degree solid Earth tide Love number Ice has been well established, while ocean tide models for the tidal constituents deemed to be important are either in question or do not exist at all. Study has shown that long period tidal effects are most easily observable in the angle of inclination of close Earth satellites, therefore, the present work has been limited to analysis of this orbital element only.
TIDAL PERTURBATION EQUATIONS
The ocean tide disturbing potential at a point (r, 4 , X exterior to the Earth, including the effects of ocean loading, can be expressed in a spherical harmonic expansion as follows: It-0 R = 0 p= 0 Long period perturbations, 1. e. , those having periods longer than one revolution of the satellite, will occur only when the coefficient of M, k-2p+ q, is 0.
In addition, perturbntions having periods longer than a day will appear only when Og, disappears from the expression, 1. e. , when R -n, which eliminates the terms multiplied by Ch R . The principal perturbations occur when q = 0
and Ic-2p = 0, so the resulting principal long period potential is
L Ic-R odd where C IcR and eltR replace CI,R and c l, R resp. For the semidiurnal tides, the most important terms are those for which R = 2 and Ic = 2, A, 0, .
In the case of the diurnal tides, we have R = 1 and lc = 2, 4, 0, . however, as will be Indicated later, strong evidence for observable effects from only these three constituents was found In the GEOS -I and GI;OS-II data.
In addition, since only the inclination data was considered, only one harmonic coefficient for each constituent could be recovered. This coe fficient would be biased by the effects of the higher order coefficients (e. g. , Cg,, C Q" . . .
for the IC, tide), a fact which had to be taken into account when comparing the results with existing surface data models. (Lerch, of al. , 1972) in the form of spherical harmonic coefficients was used. For the lunar and solar positions required in the computation of the third-body gravitational effects, the Jet Propulsion Laboratory (JPL) ephemeris tape was used. The atmospheric density was modeled by the Jacchia model atmosphere (Jacchia, 1965 (Jacchia, , 1968 (Jacchia, , 1970 (Jacchia, , 1971 .
In order to investigate the long period orbital perturbations caused by the tides, a program designated ROAD (Wagner, et al. , 1974) The following rationale for analyzing the data in Figures 1 and 2 was then adopted. Parameters for both the solid Earth and ocean tides cannot be recovered simultaneously, since the same frequencies are involved in each.
However, the tidal effects seen in the data art essentially of second degree and the second degree solid Earth tide Love number Icy has been fairly well established as a result of Earth tide measurements, Earth rotation observations, and seismic data, while parameters for the ocean tide constituents are not too well known. Hence, the effects of the solid Earth tides were modelled PRIs'C ING P AGF, BLANX 1TOT P ILMF;1) 9 using the value k2 = . 3 and a lag angle of 0 degrees, and the remaining inclination residuals were analyzed for ocean tidal effects. Figure 3 shows the GEOS-I inclination residuals after removal of the solid Earth tide effects. A frequency analysis performed on this data indicated the presence of perturbations having periods of 160, e5, and 56 days, which correspond to long period effects caused by the K 1 , Pi , and S2 ocean tides, respectively. A subsequent least squares fit to this data involving the perturbation Equations 4, 5, and 6 resulted in the recovery of one harmonic coefficient and phase angle for each constituent (C 21 and Ell for Ki and Pt, and C22 and C22 for S2). Values for these coefficients and phase angles are given in Table 1 .
In addition, the amplitudes of the effects are given in meters ( Figure 3 ) and are seconds (Table 1 ). Figure 4 , for the Kl , Pi , and S2 ocean tides, yielded the results given in Table 1 . The periods and amplitudes (in meters) for these effects are shown on Figure A , while the amplitudes (in are seconds) are presented in Table 1 .
The rms of the residuals after the least squares fits shown in Figures 3 and 4 were on the order of 0.1 are seconds for each satellite. These residuals -re shown in Figures 5 and 6 . Frequency analyses indicate that there are no discernible significant periodicities left in these data.
RESULTS AND CONCLUSIONS
The coefficients and phase angles presented in Table 1 are in reasonable agreement with each other, considering the differences in the amplitudes of the various effects from the two satelli;.es and the fact that the effects of higher order harmonics have been "lumped" into the single coefficient. This latter point makes it somewhat incorrect to compare values for the same coefficient as derived from GEOS-I and GEOS-II.
To illustrate this, let us write the perturbation equations for I considering the first two significant harmonic coefficients. They have the following form:
KI tide 61 = Q C21 COS W + n + 6 21) + R Co l cos (n + Tf + e 41 )
8 2 tide 5,= S C 22 sin (2 n -2 X t + e22 ) + T C42 sin (2 n -2 T ' + e 42)
where • sin E 42 J COs (2 n -2 X') = W 822 COS E 22 sin (2 92 -2 A') + W C 22 sin E22 Cos (2 12-2 71.').
= W C2 2 sin (2 12-2 X '+ e22) Lambeck et al. (1974) have calculated values for the CkR and ekR from (1) the empirical solution of Dietrich (1944) for the K1 tide, and (2) from the numerical solution of Bogdanov and Magarik (1987) for the S2 tide. They are given in Table 2 .
If one computes values for Q, R, S, and T from Equations 9, 10, 11, and 12 (using mean orbital elements), and uses the coefficients and phase angles in Table 2 , the right hand sides of Equations 10, 17, 18, and 19 can be evaluated.
Then, under the assumptions that V = Q and W = S, values for 6 21 , C2 v 621, and 622 Lan be computed for each satellite. These are given in Table 3 .
These coefficients and phase angles provide a better basis for comparison with those in Table 1 . (Unfortunately, no model for the P i tide is available for comparison). There is reasonable agreement, ;:xcept for the C 21 for GEOS-I and the e22 for GEOS -II. Reasons for possible shortcomings in the assumptions made in this work are as follows:
(1) Inadequacy of the solid Earth tidal model. There is some belief that the Love number Icy is not a constant for diurnal tides, but is frequency dependent due to core resonance and could introduce errors on the order of 20% in the interpretation of tidal perturba-
(2) Attributing th •4 total effect, as seen in Figures 3 and 4 , to ocean tides alone.
(3) Inadequacy of the p olar atmospheric tidal model for GEOS-II.
(4) Neglect of higher order coefficients in the solutions.
(5) Inadequacy of the solar radiation pressure modelling.
We believe, however, that these results indicate the feasibility of recovering global ocean tide parameters from satellite data. This capability will increase as data from --p ore satellites are studied, and as the effects are seen in other of the orbital elements (in particular, the l)ngitude of the ascending node, for which the effects are greater than for the orbital inclination but are more difficult to isolate). The main advantage in using satellite data for recovery of ocean tide parameters lies in the fact that the perturbation due to any tidal constituent appears as a long period effect with a frequency distinctly different from that of any other constituent, whether diurnal or semi-diurnal, 14 thereby making separation of the constituents quite easy. On the other hand, while surface tidal measurements can be used to separate diurnal from semidiurnal constituents, it is difficult to differentiate between the various diurnal (or semi-diurnal) constituents unless observations over long periods of time are investigated.
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